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on	 shallow	 coastal	 habitats	 may	 be	 especially	 vulnerable	 to	 this	 form	 of	
pollution.
2.	 Very	limited	information	is	available	on	how	much	noise	from	ship	traffic	individ‐














and	we	 demonstrate	 that	 interruption	 of	 functional	 behaviors	 (e.g.,	 resting)	 in	
some	cases	coincides	with	high‐level	vessel	noise.	Two‐thirds	of	 the	ship	noise	
events	were	 traceable	by	 the	AIS	vessel	 tracking	system,	while	one‐third	com‐
prised	vessels	without	AIS.
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1  | INTRODUCTION
Growing	 industrialization	of	 the	marine	environment	 is	 resulting	
in	habitat	changes	and	 increasing	marine	defaunation	 (McCauley	
et	 al.,	 2015;	 Richardson,	 Greene,	 Malme,	 &	 Thomson,	 1995).	 A	
greater	 awareness	 of	 increasing	 levels	 of	 anthropogenic	 noise	
has	prompted	studies	 to	understand	and	mitigate	 their	potential	




in	 pinnipeds	while	 at	 sea.	 Like	 cetaceans,	 pinnipeds	 have	 sensi‐
tive	underwater	hearing;	 their	 full	hearing	 range	extends	 from	a	
few	hundred	Hz	to	70–80	kHz	(Cunningham	&	Reichmuth,	2016;	
Hemilä,	 Nummela,	 Berta,	 &	 Reuter,	 2006).	 They	 rely	 on	 sound	
for	 communication	 (Mathevon,	 Casey,	 Reichmuth,	 &	 Charrier,	
2017;	Van	Parijs,	Hastie,	&	Thompson,	1999),	predator	detection	
(Deecke,	 Slater,	 &	 Ford,	 2002),	 and	 possibly	 also	 for	 navigation	
and	 listening	 for	 prey	 (Schusterman,	 Levenson,	 Reichmuth,	 &	
Southall,	 2000).	Pinnipeds	have	been	 found	 to	 respond	 strongly	
to	underwater	tone	pulses	at	8–45	kHz	in	captivity	(Götz	&	Janik,	
2010;	Kastelein	et	al.,	2015;	Kastelein,	Heul,	Terhune,	Verboom,	
&	 Triesscheijn,	 2006a;	 Kastelein,	 Heul,	 Verboom,	 Triesscheijn,	




marine	 fauna	 is	 that	of	 sampling	 the	noise	 levels	 routinely	experi‐
enced	by	animals	in	the	wild	and	simultaneously	the	animals’	natu‐
















seals	(Halichoerus grypus, Figure	1)	and	harbor	seals	(Phoca vitulina),	
at‐sea	behavior	has	mainly	been	described	based	on	2D	dive	pro‐
files,	where	dive	behaviors	are	classified	as	traveling	dives	(V‐shaped	
dives),	 foraging	 (U‐shaped	 dives),	 or	 resting	 dives	 (skewed	 dives),	
as	 well	 as	 resting	 at	 the	 surface	 (Russell	 et	 al.,	 2015;	 Thompson,	
Hammond,	Niceolas,	&	Fedak,	1991),	which	in	some	cases	has	been	
validated	through	camera	use	(Heaslip,	Bowen,	&	Iverson,	2014).













eters,	 increasing	 the	 power	 to	 distinguish	 behaviors.	 However,	
the	accuracy	of	such	models	to	quantify	various	states	of	behav‐
ior	 is	 highly	 influenced	 by	 data	 resolution	 (Carter	 et	 al.,	 2016).	
Higher‐sampling‐rate	 sensors,	 and	 in	 particular	 accelerometers,	
have	proven	to	be	useful	for	interpreting	fine‐scale	dive	behaviors	
F I G U R E  1  Sleeping	gray	seal	with	a	DTAG3	on	Helgoland	May	2015.	Photo:	Sabine	Schwarz
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such	as	prey	capture	events	(Gallon	et	al.,	2013;	Heerah,	Hindell,	
Guinet,	 &	 Charrassin,	 2014;	 Volpov	 et	 al.,	 2015).	 The	 challenge	
in	high‐resolution	data	 (from	sound,	cameras,	or	accelerometers)	
is	 the	 large	amount	of	data	 that	cannot	be	 transmitted	by	 radio,	
requiring	 instead	 that	 data	 are	 stored	 on	 board	 the	 tag	 which	





To	 assess	 the	 effects	 of	 anthropogenic	 noise	 sources,	 the	 re‐
ceived	noise	levels	and	detailed	animal	behavior	must	be	estimated	





















Soto	et	 al.,	 2006;	Nowacek,	 Johnson,	&	Tyack,	2004;	Wisniewska	
et	al.,	2018).	DTAG	deployments	on	cetaceans	have	so	far	been	lim‐





sources	 such	 as	 vessel	 passes.	 However,	 advances	 in	 low‐power	
electronic	technology	now	allow	for	increased	battery	and	memory	





high‐resolution	 sound	 and	movement	 DTAGs	 deployed	 on	 harbor	
and	gray	seals,	representing	the	first	multi‐week,	continuous	broad‐
band	sound	recordings	from	any	marine	animal.	We	demonstrate	the	
potential	of	 such	data	 for	quantifying	 individual	noise	exposure	 in	
synchrony	with	the	fine‐scale	behaviors	of	the	animal,	enabling	the	
identification	of	noise‐induced	behavioral	alterations	together	with	










(17‐3/14)	 of	 the	Ministry	 of	 Energy,	Agriculture,	 Environment	 and	
Rural	Areas	of	Schleswig‐Holstein,	Germany.
Harbor	 seals	were	 caught	when	 hauled	 out	 on	 sand	 banks	 by	
surrounding	the	seals	using	a	large	net	(3	m	×	200	m)	deployed	from	
two	boats	and	then	dragging	the	net	manually	onshore,	where	the	





before	being	enclosed	 in	 the	pole‐net	 (Arcalís‐Planas	et	al.,	2015).	




























sure	 (depth),	 acceleration,	 magnetic	 field,	 and	 GPS.	 Sound	 was	
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at	 “Bosserne”	 (N	 55.9367;	 E	 10.7757),	 Kattegat,	 Denmark.	 A	
second	 deployment	 on	 a	 female	 harbor	 seal	was	 conducted	 at	
the	same	location	but	with	the	tag	package	reduced	in	size	and	
the	Argos	and	VHF	transmitters	replaced	with	a	SPOT	6	Argos	
transmitter	 (tag	 dimensions	 approx.	 35	×	35	×	160	mm,	 weight	
in	air	170	g).	Both	tags	were	slightly	buoyant	in	water	to	enable	
recovery.	 On	 both	 occasions,	 the	 camera	 was	 set	 with	 a	 time	
delay	 to	 start	 recording	 on	 the	 morning	 following	 tag	 attach‐
ment	 in	an	effort	 to	avoid	sampling	disturbed	behavior	 related	
to	the	handling	of	the	animal.	The	camera	tag	was	mounted	to	an	
aluminum	plate	precoated	with	standard	construction	adhesive	
(SMP‐38)	 which	 was	 in	 turn	 attached	 to	 the	 back	 of	 the	 seal.	
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2.3 | Data analysis
Data	 analyses	were	 performed	 in	Matlab	 R2013b	 (MathWorks	
Inc.).	 Sound	 exposure	was	 quantified	 as	 one‐third	 octave	 band	
levels	 (TOLs),	 that	 is	 the	 root	mean	 square	 (RMS)	 sound	 pres‐




steps	 similar	 to	 the	method	 in	Wisniewska	 et	 al.	 (2018).	 First,	
successive	4,096	(DTAG‐3)	or	2048	(DTAG‐4)	point	FFTs	(Hann	
window,	 50%	 overlap)	 were	 computed	 of	 the	 sound	 recording	
giving	a	 frequency	resolution	of	29	Hz	and	31	Hz,	 respectively.	





computed,	 and	 FFTs	 that	 had	 a	 noise	 estimate	 below	 the	 10th	
percentile	were	identified.	The	spectral	power	of	these	FFTs	was	
averaged	 to	 give	 a	 30	s	 ambient	 noise	 spectrum	 that	 is	 robust	
to	sound	transients.	Finally,	TOLs	were	estimated	from	the	30	s	


























TOL	plots	 (Figure	 2)	were	 screened	 visually	 for	 noise	 events	
above	 approx.	 70	dB	 re	 1	µPa	RMS	 in	 one	or	more	 third‐octave	
bands	≥1	kHz.	For	each	event,	approx.	10	s	of	the	recording	was	
examined	by	 listening	 to	 identify	 the	sound	source.	 If	 ship	noise	
was	 encountered,	 the	 start	 and	 end	 times	 of	 audibility	 were	
identified.
For	 the	 DTAG‐4,	 GPS	 positions	 were	 obtained	 at	 2–3	min	 in‐
tervals	when	the	seal	was	at	the	surface.	After	processing,	position	
































for	 one	 day	 in	 panel	 c,	which	 demonstrate	 frequent	 fluctuations	
in	noise	level.	A	large	proportion	of	the	recorded	noise	at	low	fre‐
quencies	was	due	to	water	flow	around	the	tag	(flow	noise).	High	
broadband	 sound	 levels	 resulted	 from	 the	 seal	 breaking	 the	 sur‐
face,	bubbles	being	 released	 from	around	the	 tag	package	or	 the	
fur	of	the	seal,	from	rain,	and	also	close	ship	passes.	Overall,	ship	
noise	was	audible	for	2.2%–20.5%	of	the	time	that	the	four	seals,	
tagged	 in	2015,	spent	 in	water	 (excl.	haul	out	time,	Table	1).	This	
was	 spread	 over	 17–74	 events	 that	 lasted	 1–330	min,	 some	 of	
which	may	 comprise	multiple	overlapping	vessel	 passes.	Another	


























































































































































0 5 10 15 2003−Jun−2015




















     |  7MIKKELSEN Et aL.
the	track	line	color‐coded	by	sound	level.	Elevated	noise	levels	(or‐
ange/red	colors)	were	in	many	cases	due	to	ship	noise	(as	confirmed	












associated	 with	 partial	 submergence	 (Table	 1).	 Resting	 periods	 at	
sea,	 identified	by	 low	acceleration/jerk	 levels	at	depth	 (Figure	2e‐f,	
Figure	4),	were	afterward	validated	by	inspection	of	the	camera	tag	
video	 during	 intervals	 with	 similar	 low	 variability	 of	 acceleration	










resulted	 in	elevated	noise	 levels	 (35.5%	of	 the	day	 shown),	 and	at	
least	one	of	the	vessel	passes	occurred	when	the	seal	was	in	a	rest‐
ing	dive,	which	was	subsequently	interrupted	as	shown	in	Figure	4.	
In	 this	plot,	 the	animal	 initially	exhibits	 at‐sea	 resting	behavior.	At	
around	06:44:00,	ship	noise	becomes	audible	and	 is	clearly	visible	




next	 dive	 (07:12:30),	 the	 animal	 accelerates	 rapidly	 at	 the	 bottom	
and	makes	an	interrupted	ascent	before	returning	to	the	surface	to	
breathe.	The	vessel	 noise	 reached	 a	maximum	broadband	 level	 of	
113	dB	re	1	µPa	RMS	(0.1–50	kHz,	1	s	average)	at	07:12:10	when	the	















An	 example	 of	 disturbance	 during	 haul	 out	 potentially	 due	
to	the	occurrence	of	a	vessel	was	found	in	data	from	harbor	seal	










































the	 impact	of	anthropogenic	noise	on	marine	fauna	 is	 to	quantify	
both	the	noise	experienced	by	individual	animals	and	how	they	re‐
spond	 to	 it.	Here,	we	 demonstrate	 a	method	 for	 obtaining	 these	
data:	 High‐resolution	 multi‐sensor	 tags	 (DTAGs)	 were	 deployed	
on	harbor	 and	gray	 seals,	 providing	 continuous,	 broadband	audio	
recordings	 along	 with	 synchronous	 high‐resolution	 movement	
data	 for	 up	 to	 21	days.	An	 analysis	 of	 these	 data	 can	 be	 used	 to	
establish	normal	behavioral	states	and	to	infer	changes	in	behavior	
in	 the	context	of	natural	and	anthropogenic	noise	 in	 the	environ‐
ment.	The	addition	of	GPS	locations	in	the	newest	version	of	the	tag	
provides	information	on	where	animals	find	resources,	where	they	











































































































































ied	widely	between	animals	 (2%–20%)	 likely	 reflecting	differences	
in	the	traffic	density	in	the	locations	visited	by	animals,	with	some	
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finer	 detail	 along	with	 their	 frequency	of	 occurrence	over	 several	




The	 potential	 significance	 of	 cumulative	 effects	 of	 behavioral	
responses	to	disturbance	depends	upon	how	often	these	occur	and	








the	 potentially	 significant,	 but	 difficult	 to	 predict,	 contribution	 of	
vessel	noise	from	small	boats.	To	account	for	this,	it	is	important	to	

















electronic	 systems	make	 it	 possible	 to	 achieve	 both	 long‐duration	
and	 wider	 recording	 bandwidth	 in	 a	 miniature	 biologging	 tag,	 de‐
ployable	 on	 even	 the	 smallest	 pinnipeds.	 The	 extended	 recording	
time	achieved	here	provides	 insight	 into	 the	 long‐term	behavior	of	
the	animals	and	enables	quantification	of	where,	how	often,	and	at	
what	 level	animals	encounter	anthropogenic	noise	sources.	The	ex‐
tended	 recording	 duration	 also	 expands	 the	 potential	 to	 perform	
controlled	exposure	experiments	 (CEEs)	 at	 sea.	These	experiments	
have	been	performed	successfully	on	cetaceans	tagged	with	sound	


























































seal is on land enters the water
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and	movement	recording	tags	to	assess	the	impact	of	specific	noise	











The	 combination	 of	 audio,	 depth,	 and	 accelerometer	 data	 col‐
lected	 by	 these	 long‐duration	 tags	 provides	 a	more	 complete	 de‐
scription	of	behavior	than	obtained	with	single‐sensor	tags	enabling	
behavioral	states	and	transitions	to	be	detected	more	precisely.	For	
example,	 although	 haul	 out	 periods	 can	 be	 detected	 using	 just	 a	
depth	sensor,	 the	accelerometer	and	audio	data	allowed	us	 to	ad‐
ditionally	 identify	 time	 intervals	 when	 the	 animal	 was	 resting	 on	
the	beach	but	was	partly	 submerged	or	 flushed	during	 rising	 tide.	
Quantifying	haul	out	 in	this	way	 is	 less	prone	to	bias	compared	to	






It	 has	 been	widely	 assumed	 that	 harbor	 and	 gray	 seals	mainly	




frequent	 resting	behavior	 far	offshore	at	 the	bottom	of	U‐shaped	
dives	down	to	35	m	(Figure	2)	as	recently	suggested	from	dive	pro‐
files	by	Ramasco	et	al.	(2014).	This	typically	looked	like	a	U‐shaped	




been	 observed	 in	 fur	 seals	 (Arctocephalinae)	 (Jeanniard‐du‐Dot,	
Trites,	Arnould,	Speakman,	&	Guinet,	2017)	and	asymmetrical	dive	








of	 the	 number	 of	 foraging	 dives.	 Although	 the	 low	 activity	 levels	
provide	clear	evidence	for	resting	within	dives,	these	dives	also	had	
uniformly	asymmetrical	profiles	with	slow	descent	and	fast	ascent	




eters	 in	 free‐ranging	Australian	 fur	 seals	 (Arctocephalus pusillus)	 to	
























ural	 undisturbed	behavior,	 and	how	 this	 behavior	may	 change	 in	
response	 to	 anthropogenic	 activities	 at	 sea.	 The	 combination	 of	
long‐duration	 data	with	 high	 temporal	 resolution	 sensors	makes	




is	 due	 to	 the	 limited	 knowledge	 of	 how	 underwater	 noise	 may	
affect	 the	 animals	 at	 sea.	 New	 biologging	 techniques	 allow	 the	
quantification	of	time	budgets,	and	potentially	energy	budgets,	for	
individual	 seals,	which	 can	 then	 feed	 into	models	 for	 population	
consequences	of	disturbance	(Nabe‐Nielsen	et	al.,	2018).	This	com‐
bination	of	high‐quality	biologging	data	and	modeling	is	essential	
for	 identifying	 and	managing	 disturbing	 anthropogenic	 activities	
both	in	time	and	space,	which	may	compromise	the	long‐term	sur‐
vival	and	distribution	of	marine	mammal	populations.	Management	
interventions	could	 include	 reducing	 impact	of	vessels	by	 reduc‐
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from	 University	 of	 St.	 Andrews	 for	 aid	 in	 preparations	 of	 equip‐
ment	 and	 data	 evaluation.	 René	 Swift	 and	 Mikkel	 Villum	 Jensen	
helped	 with	 manufacturing	 of	 the	 tags.	 This	 study	 was	 funded	
by	 the	 German	 Federal	 Agency	 of	 Nature	 Conservation	 under	
the	 project	 “Effects	 of	 underwater	 noise	 on	 marine	 vertebrates”	
(Cluster	 7,	 Z1.2‐53302/2010/14)	 and	 “Under	Water	Noise	 Effects	
–	 UWE”	 (Project	 numbers	 FKZ	 3515822000).	 The	 catches	 were	
funded	 and	 supported	 by	 the	 Schleswig‐Holstein's	 Government‐
Owned	Company	for	Coastal	Protection,	National	Parks	and	Ocean	
Protection.	 The	 Danish	 seals	 were	 tagged	 under	 the	 permission	
from	the	Danish	Nature	Agency	(SN‐0005)	and	the	Animal	Welfare	
Division	 (Ministry	 of	 Justice,	 2015‐15‐0201‐00549).	MJ	was	 sup‐















Datasets	generated	during	 the	 current	 study	 is	 available	 at	Dryad	
Digital	Repository:	https://doi.org/10.5061/dryad.8s75sg6.
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